The centromere of the maize (Zea mays) B chromosome contains several megabases of a B-specific repeat (ZmBs), a 156-bp satellite repeat (CentC), and centromere-specific retrotransposons (CRM elements). Here, we demonstrate that only a small fraction of the ZmBs repeats interacts with CENH3, the histone H3 variant specific to centromeres. CentC, which marks the CENH3-associated chromatin in maize A centromeres, is restricted to an ;700-kb domain within the larger context of the ZmBs repeats. The breakpoints of five B centromere misdivision derivatives are mapped within this domain. In addition, the fraction of this domain remaining after misdivision correlates well with the quantity of CENH3 on the centromere. Thus, the functional boundaries of the B centromere are mapped to a relatively small CentC-and CRM-rich region that is embedded within multimegabase arrays of the ZmBs repeat. Our results demonstrate that the amount of CENH3 at the B centromere can be varied, but with decreasing amounts, the function of the centromere becomes impaired.
INTRODUCTION
The chromosomes of most higher eukaryotes contain a single centromere, the region that serves as the attachment site for spindle fibers and sister chromatid cohesion during cell division. The proteins that are involved in centromere function are highly conserved among all eukaryotes. Despite the similarities of form and function, the primary DNA sequence that underlies centromeres has no discernable conservation among various model organisms, underscoring the present lack of understanding of factors that determine centromere identity.
Although there is no obvious relationship among sequences found at centromeres, there are commonalities in organization. In most complex eukaryotes studied so far, including Drosophila melanogaster, humans, mice, maize (Zea mays), rice (Oryza sativa), and Arabidopsis thaliana, the centromeres are embedded within long tracks of highly repetitive DNA sequences consisting primarily of satellite repeats and transposons (Henikoff et al., 2001; Jiang et al., 2003) . Human centromeres are the best studied among multicellular eukaryotes and appear to be a representative model. The most abundant DNA sequence in human centromeres is the ;171-bp a-satellite repeat (Willard, 1998) . The amount of a-satellite DNA varies from ;250 kb to >4 Mb in different centromeres (Wevrick and Willard, 1989; Oakey and Tyler-Smith, 1990) . Human artificial chromosomes were successfully assembled using either synthetic or cloned a-satellite DNA (Harrington et al., 1997; Ikeno et al., 1998) , suggesting that long stretches of a-satellite DNA could act as a functional human centromere. Structural and functional analyses of DNA in the X chromosome centromere revealed that the a-satellite repeats are more diverged in the flanks of the centromere and become increasingly homogenized toward a functional core (Schueler et al., 2001) . These data suggest that the centromeres evolve by selecting new repeats at their functional core, pushing older repeats to the flanking regions (Henikoff, 2002) .
In contrast with the lack of conservation of centromeric DNA, several proteins specific to the centromere/kinetochore complex are highly conserved (Henikoff et al., 2001; Sullivan et al., 2001; Houben and Schubert, 2003) . A centromere-specific histone H3-like protein, referred to as CENP-A or CENH3, has been found to underlie the kinetochore (Henikoff et al., 2001; Sullivan et al., 2001) . CENH3 has been found in all model eukaryotes, including several plant species (Talbert et al., 2002; Zhong et al., 2002; Nagaki et al., 2004) . There are numerous lines of evidence that CENH3 plays the key role in the establishment and function of kinetochores in various organisms (Henikoff et al., 2001; Sullivan et al., 2001) . In maize, CENH3-associated chromatin is exclusively associated with the centromeric satellite and the CRM retroelements from the centromeric retrotransposon (CR) family in grasses (Zhong et al., 2002; Jin et al., 2004; Topp et al., 2004) .
Because the stretches of repetitive DNA in centromeres are highly homogeneous and are often megabases in length, they are left as gaps in most sequencing projects of complex eukaryotic genomes (Henikoff, 2002) . Currently, nearly complete sequences are available only from two native centromeres of rice Wu et al., 2004; Zhang et al., 2004) and human neocentromeres (Saffery et al., 2003) , which contain minimal or no satellite repeats. Therefore, methods other than sequencing must be used to study the relationship between the centromeric 1 To whom correspondence should be addressed. E-mail birchlerj @missouri.edu or jjiang1@wisc.edu; fax 573-882-0123 or 608-262-4743. The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantcell.org) is: James A. Birchler (birchlerj@missouri.edu). Article, publication date, and citation information can be found at www.plantcell.org/cgi/doi/10.1105/tpc.104.030643. protein structure and the underlying DNA sequences. The centromere of the maize B chromosome provides an excellent model to study centromeres that contain an excess amount of satellite repeats. This supernumerary chromosome is present in some but not all maize varieties and is maintained by an accumulation mechanism involving nondisjunction at the second pollen mitosis followed by preferential fertilization of the egg by the B-containing sperm in the process of double fertilization (Roman, 1947) . The maize B centromere region contains a repetitive element ZmBs that is not present on the A chromosomes (Alfenito and Birchler, 1993) . The specificity of the ZmBs repeat to the B chromosome allows molecular and cytological studies of a single centromere among others in the genome Birchler, 1996, 1998) . In addition, B centromere misdivision derivatives can be readily developed from specific cytogenetic stocks, and the transmission of these derivatives can be easily tracked (Kaszas and Birchler, 1998) . These materials provide a unique system to study a centromere deletion series to establish the molecular correlates of centromere function.
In this study, we report the fine structure and DNA composition of the centromeres from the normal B chromosome and a set of B centromere misdivision derivatives. We describe an ;700-kb domain that consists of all three previously described repeats (ZmBs repeat, CentC, and CRM). Five misdivision breakpoints are mapped within this domain and the amount of the B centromere-bound CENH3 is correlated with the amount of sequence from this domain. These results provide support for the view that CentC/CRM is present at all sites in the maize genome that specify a centromere (Ananiev et al., 1998; Jin et al., 2004 ). They also demonstrate that the amount of CENH3 can be altered and correlates with centromere function. These data demonstrate the minimum requirements for a representative centromere in a multicellular eukaryote.
RESULTS

DNA Repeats and Their Organization in the Intact Maize B Centromere
It was previously demonstrated that the centromeres of maize A chromosomes contain a 156-bp centromere-specific satellite repeat CentC (Ananiev et al., 1998) and retrotransposons from the CR family, including CRM1, CRM2 (full-size CR elements), and CentA (a truncated CR element) (Ananiev et al., 1998; Zhong et al., 2002; Nagaki et al., 2003b; Jin et al., 2004; Lamb et al., 2005) . In addition to the elements found in A centromeres, the centromere of the maize B chromosome contains a B-specific repeat ZmBs (Alfenito and Birchler, 1993; Kaszas and Birchler, 1996) . High-resolution fluorescence in situ hybridization (FISH) mapping on pachytene B chromosomes revealed that the B chromosome contains two major hybridization sites of the ZmBs repeat: one at the centromeric region and another at the subtelomeric region on the long arm (Lamb et al., 2005) (Figure  1 ). Major CRM signals were only detected in the centromeric regions, although minor CRM signals were also observed outside of the centromere (Lamb et al., 2005) . The CentC signals, which are specific to the centromeres of the A chromosomes, were dispersed throughout the B chromosome (Lamb et al., 2005) (Figure 1 ).
We used a fiber-FISH approach to analyze the organization of CentC, CRM, and the ZmBs repeat within the B centromere. We found that the longest array of the ZmBs repeat was ;1150 mm (;3.7 Mb) in length. Because it is technically difficult to obtain DNA fibers >2 Mb, we estimate that the ZmBs array in the centromeric region is at least 3.7 Mb and is potentially longer. The fiber-FISH-based estimate excludes the ZmBs arrays that are near the centromere but separated from the major cluster as well as those in the distal long arm tip (Figure 1) .
Two of the longest fiber-FISH signals are shown in Figure 2 . Figure 2A shows signals for ZmBs (green) and CentC (red), and Figure 2C shows signals for ZmBs (green) and CRM (red). The CentC signals were restricted to an ;700-kb domain that is also rich in CRM sequences. The CentC and CRM sequences in this domain are intermingled ( Figures 2B, 2D , 2E, and 2F), similar to the organization of these two sequences in the A centromeres (Jin et al., 2004) . Unlike A centromeres, however, the intermingled CentC/CRM sequences are disrupted by five ZmBs arrays ( Figures 2E and 2F ). This ;700-kb CentC/CRM/ZmBs repeat domain is flanked on either side by long ZmBs arrays that contain short CRM signals ( Figure 2D ). The ZmBs array flanking on one side (arbitrarily called ''left'') is longer than the array on the ''right'' side, with lengths measuring ;2.2 and 0.8 Mb, respectively ( Figures 2B and 2D ). The fiber-FISH signal patterns in the flanking domains are remarkably uniform, suggesting a high concentration of the ZmBs repeats in these regions. A diagram of the fiber-FISH-based pattern map of the CentC-rich domain is depicted in Figure 2F .
Mapping the Breakpoints of Misdivided B Centromeres
Early cytogenetic analysis of univalent chromosomes in meiosis demonstrated that the centromere is a compound structure consisting of multiple functional units (Darlington, 1939; Sears, 1952) . A misdivision of a centromere will result in two functional derivatives. Therefore, analysis of misdivision breakpoints is a powerful approach to dissect the functional domains of centromeres. Numerous B centromere misdivision derivatives were previously isolated from progenies of a TB-9Sb translocation chromosome (Carlson, 1970; Carlson and Chou, 1981; Birchler, 1996, 1998) . A set of seven B misdivision derivatives ( Figure 3 ) was selected for fine mapping of the B centromeric regions. The centromeres of these selected misdivision derivatives have significantly different sizes based on our previous pulsed field gel electrophoresis (PFGE) mapping data (Kaszas and Birchler, 1998) .
Fiber-FISH was used to analyze the organization of CentC, CRM, and the ZmBs repeat in the misdivision derivatives. Four lines, Telo4-11(-), Ring4-8(-), Telo4-4(-), and Ring4-12(-), were derived from the same progenitor, Iso3(-) ( Figure 3A ). The sizes of the fiber-FISH signals from Telo4-11(-) and Ring4-8(-) were 825 6 55 kb and 440 6 42 kb, respectively (Figures 4A to 4D), in reasonable agreement with the 490-and 500-kb estimates made previously from PFGE (Kaszas and Birchler, 1998) (Table 1 ). Both Telo4-11(-) and Ring4-8(-) contain blocks of CentC/CRM repeat arrays that align with the patterns obtained from the normal B centromere (Figures 4A to 4D and 5) . contains the first four of the five short ZmBs arrays within the CentC-rich domain, whereas Ring4-8(-) contains only the first ZmBs cluster (Figures 4A to 4D and 5) .
The size and pattern of the fiber-FISH signals derived from Telo4-4(-) is almost identical to those from Telo4-11(-) (Figures 4E and 5) . PFGE analysis, however, suggested that contains >2 Mb of the ZmBs repeat (Kaszas and Birchler, 1998) (Table 1 ). In fiber-FISH analysis, we only collected and analyzed the signals associated with CentC and/or with a significant amount of CRM. Additional fiber-FISH signals consisting of solely ZmBs repeats cannot be reliably identified because these signals may be derived from broken DNA fibers. PFGE analysis, by contrast, identifies all DNA fragments associated with the ZmBs repeat. In addition, analysis of progenies from a single individual containing Telo4-4(-) revealed considerable differences in the amount of the ZmBs repeat (J. Lamb and J.A. Birchler, unpublished data) , suggesting that this line may not be stable. Taken together, differences in what the two techniques detect and possibly an instability of Telo4-4(-) might explain the discrepancy of the amount of the ZmBs repeats estimated by fiber-FISH and PFGE.
The final Iso3(-) derivative characterized was Ring4-12(-), which contains only 93 6 10 kb of CRM and the ZmBs repeat and no detectable CentC. This short fragment also aligns with a small part of the CentC-rich domain that includes the first of the five short ZmBs arrays. The first ZmBs array in this region can be identified based on the presence of a distinctive CRM insertion ( Figures 4F and 5) .
Line Telo3-3(-) and its parental line Telo2-2(-) have a different lineage from line Iso3(-) ( Figure 3A) . Two DNA fragments containing the ZmBs repeat were detected by fiber-FISH in Telo2-2(-). The first fragment is ;800 kb long and consists of all three elements: CentC, CRM, and ZmBs. The organization of the three repeats in Telo2-2(-) is nearly identical to that of Telo4-11(-) and Telo4-4(-) ( Figures 4G and 5) . The second fragment is ;240 kb in size and consists exclusively of the ZmBs repeat ( Figure 4H ). We were not able to detect CentC or CRM signals within this fragment using fiber-FISH and could not align it to the CentCrich domain. Furthermore, we could not find any unambiguous connection between these two centromeric DNA fragments, suggesting that the two fragments are separated by several hundred kilobases (Jackson et al., 1998) .
Pachytene FISH analysis of Telo2-2(-) revealed a larger ZmBs repeat signal, which colocalizes with CentC and CRM, and a separate, nearby but smaller ZmBs repeat signal, which does not colocalize with other centromeric elements ( Figure 6 ). This smaller FISH site is also present in the normal B chromosome (Lamb et al., 2005) . Thus, the ;240-kb ZmBs array is likely to coincide with this centromere distal ZmBs site. A single DNA fragment containing ZmBs was found in Telo3-3(-), which appeared identical to the ;240-kb ZmBs fragment in Telo2-2(-) ( Figure 4I ). Both fiber-FISH and pachytene FISH did not detect CentC and CRM signals in Telo3-3(-). Interestingly, Telo3-3(-) is the most unstable B centromere derivative recovered to date (Kaszas and Birchler, 1998) . Telo3-3(-) is frequently lost both mitotically and meiotically and routinely shows developmental loss of genetic markers present on the chromosome (Kaszas and Birchler, 1998) . It is also unstable structurally, being found alternately in our stocks as a telocentric or isochromosome.
The ZmBs Repeat Is Associated with Maize CENH3
Transmission studies of misdivision derivatives suggest that the ZmBs repeat is present in the functional region of the B centromere (Kaszas and Birchler, 1998) . We conducted chromatin immunoprecipitation (ChIP) experiments using an antibody against maize CENH3. Data from three independent experiments ( Figure 7A) showed that, on average, the percentage of immunoprecipitation (%IP) of the ZmBs repeat was 7.1% (SE ¼ 60.9%, n ¼ 3), whereas only 1.6% (SE ¼ 61.4%) was detected with the rDNA control, a statistically significant difference (Student's t test, P ¼ 0.0022). By contrast, the average %IP for the CentC repeat was 27.8% in the same experiments, similar to our previous results (Zhong et al., 2002) . The association of the a The length of the fiber-FISH signals (mm) was converted to kilobases using a 3.21 kb/mm conversion rate (Cheng et al., 2002) . b The sum of fragments containing the ZmBs repeat arrays was estimated by PFGE (Kaszas and Birchler, 1998 ZmBs repeat with CENH3 was also visualized by sequential detection of CENH3 and the ZmBs repeat on stretched B centromeres. On stretched chromatin fibers, the CENH3 domain appeared to colocalize with the second quarter of the ZmBs repeat array ( Figures 7B to 7D ), a similar position as the CentCrich domain in the B centromere from fiber-FISH analysis (Figures 2A and 2C ). On labeled pachytene chromosomes, the location of CENH3 appeared to be near the middle of the major ZmBs array and colocalized with the CentC-containing domain (Lamb et al., 2005) . At metaphase I and anaphase I of meiosis, FISH signals derived from CentC were consistently located at the most poleward position on B chromosome bivalents as well as bivalents of Telo2-2(-) ( Figure 7E ). Taken together, these results provide further support that the CentC-enriched domain within the ZmBs array is the region associated with kinetochore formation.
Relationship between the Amount of CENH3 and the Size of Misdivided B Centromeres
Immunostaining analysis revealed that CENH3 signals are only located at the B centromeres and not at any of the B chromosomal regions containing CentC or the ZmBs repeat ( Figures 7F  and 7G) . Notably, the CENH3 signals in the B centromeres were often weaker than those in the A centromeres ( Figure 7F ). To investigate the relationship between the amount of centromeric DNA and CENH3, we analyzed several misdivision lines using a combination of FISH and immunolocalization procedures. The CENH3 immunostaining signals derived from the misdivided B centromeres can be unambiguously identified based on their colocalization with the ZmBs repeat ( Figure 8 ). To analyze the results quantitatively, the immunostaining signals were divided into five classes: I, the intensity of the immunostaining signal was similar to those in A centromeres; II, signals weaker than those in A centromeres; III, signals significantly weaker than those in A centromeres; IV, the signal could not be observed without contrast adjustment by computer software; V, signal could not be observed even after contrast adjustment. We scored 14% class I, 68% class II, 18% class III, but no class IV and V signals from the intact B centromere (Table 2) .
Telo4-11(-), which contains ;545 kb of the ;700-kb CentC-rich domain, showed a similar amount of CENH3 as intact B centromeres (Table 2) . Telo4-4(-), however, with slightly less of this domain (495 kb), contained no class I signals and an increase in the number of class IV and class V signals (Table 2) . Ring 4-8(-), with only ;240 kb from the CentC-rich domain, recruited much less CENH3 than the other derivatives. The vast majority of the Ring 4-8(-) signals fell into the class IV and V categories. Finally, Telo3-3(-), which has undetectable amounts of CentC and CRM in the centromeric region, recruited so little CENH3 that it was only weakly detected in 12% of the cells (class IV) and undetectable (class V) in the remaining cells (Table 2 ). The very low association of CENH3 with Telo3-3(-) explains the highly unstable nature of this chromosome as noted above.
DISCUSSION
Dissection of the Functional Domain of Maize B Chromosome Centromere
Centromeres in complex eukaryotes often contain arrays of a single class of repetitive DNA elements up to several megabases. However, generally only a portion of such long arrays is associated with CENH3. The repetitive DNA outside of the CENH3-associated domain presumably plays a role in other centromeric functions, such as sister chromatid cohesion and chromosomal condensation (Grewal and Moazed, 2003) . For example, the centromere of the human X chromosome contains ;3 Mb of the a-satellite but only a portion of this a-satellite array is associated with centromeric proteins (Schueler et al., 2001; Spence et al., 2002) . Association of CENH3 with a subdomain of the centromeric satellite DNA has also been demonstrated in maize (Jin et al., 2004) and Arabidopsis (Shibata and Murata, 2004) .
Previous studies demonstrated that the maize B chromosome contains up to 9 Mb of the ZmBs repeat (Kaszas and Birchler, 1996) . This ZmBs repeat was considered to be represented in the functional region of the B centromere because all of the B centromere misdivision derivatives retained a portion of the ZmBs repeat and rearranged the restriction pattern. There is a strong correlation between the size of the retained ZmBs repeat array and meiotic transmission (Kaszas and Birchler, 1998) . However, it was not known if the ZmBs repeat was the sole DNA element located within the functional B centromere. It was also found that some misdivided B centromeres retained up to 2.5 Mb of the ZmBs repeat but still showed poor meiotic transmission (Kaszas and Birchler, 1998) .
We provide several lines of evidence that an ;700-kb CentCrich domain represents the primary CENH3 binding and functional kinetochore of the B centromere. (1) The breakpoints of all of the misdivision derivatives analyzed, except for Telo3-3(-), could be recognized within the ;700-kb domain ( Figure 5) . (2) The relative position of the CENH3 binding domain on stretched B centromeres ( Figures 7B to 7D ) is similar to the position of the ;700-kb domain on mapped DNA fibers (Figures 2A and 2C ).
The leading cytological location of the CentC repeats on the B chromosome bivalent at metaphase I also suggests that they are bound within the kinetochore ( Figure 7E) . (3) The amount of CENH3 in misdivided B centromeres is correlated with the size of the DNA fragment derived from the ;700-kb domain (Table 2 ).
Because the ZmBs repeat is present within this CentC-rich domain (Figure 5 ), this interpretation is also consistent with prior findings Birchler, 1996, 1998 ).
An Estimate of the Normative Size of a Functional Plant Centromere
The size of a functional centromere has been estimated in different species using different approaches. Deletion mapping revealed that the minimum size of a human minichromosome is ;100 kb (Yang et al., 2000) . Similarly, deletion mapping placed the minimum centromere of a Drosophila minichromosome within a 420-kb region (Murphy and Karpen, 1995; Sun et al., 1997) . The CENP-A binding domains of several human neocentromeres have been determined using ChIP analysis. The chromatin domain associated with CENP-A in these neocentromeres ranges from ;130 to 460 kb (Lo et al., 2001a (Lo et al., , 2001b Alonso et al., 2003) .
In plants, the centromere of rice chromosome 8 (CEN8) contains an ;750-kb region associated with rice CENH3 . Here, we demonstrate that the CENH3 binding region in the maize B centromere is ;700-kb, close in size to the CENH3 binding domain in rice CEN8. We have also previously shown that the centromeres of five of seven maize A chromosomes analyzed contain 300 to 700 kb of intermingled CentC/ CRM sequences that interact with CENH3 (Jin et al., 2004) . Our deletion analysis supports the view that these domains correspond to functional centromeric regions. Thus, the functional centromeres of maize A and B chromosomes have a similar size and contain ;300 to 700 kb DNA in the CENH3-associated chromatin.
The B Centromere Is Defined by Both Genetic and Epigenetic Mechanisms
Extensive research in several model eukaryotes has revealed that centromere formation can be controlled by both genetic and epigenetic mechanisms. In humans, fully functional artificial centromeres can be assembled from the a-satellite alone (Harrington et al., 1997; Ikeno et al., 1998) , and minor manipulations of the sequence alter this capacity (Ohzeki et al., 2002) . However, many human neocentromeres contain no detectable a-satellite DNA, yet associate with the same proteins as normal human centromeres (du Sart et al., 1997; Saffery et al., 2000) and are stable in both mitosis and meiosis (Tyler-Smith et al., 1999; Amor et al., 2004 ).
The ;700-kb domain in the B centromere contains arrays of three repeats, the ZmBs repeat, CentC, and CRM. These three repeats, however, are not specific to the B centromere and show multiple locations throughout the B chromosome (Lamb et al., 2005) . Nevertheless, CENH3 is only associated with the CentCrich domain in the B centromere. Therefore, the repetitive DNA within this domain is possibly marked epigenetically for CENH3 recognition. The CentC repeat is highly specific to the centromeres of maize A chromosomes (Ananiev et al., 1998) . It is interesting to note that although the CentC repeat is distributed throughout the B chromosomes, the CentC sequence within the B centromere is restricted to the ;700-kb domain. We previously also demonstrated that maize CENH3 is always associated with intermingled CentC/CRM sequences in A centromeres, although not all of the CentC/CRM sequences are associated with CENH3 (Jin et al., 2004) . The CentC/CRM sequences in the ;700-kb region of the B centromere appears to serve a similar role in CENH3 recognition. It has recently been demonstrated in a human neocentromere that the CENH3-associated chromatin is divided into seven blocks by H3-associated chromatin within a 330-kb region (Chueh et al., 2005) . Based on these data, the CentC-containing region within the B centromere appears to be critical for association with CENH3 because removal of CentC within the ;700-kb domain diminishes CENH3 staining. However, when CentC is reduced below detection, as on Telo3-3(-), some CENH3 remains. The small amount of CENH3 remaining on the Telo3-3(-) derivative may be binding to a small amount of epigenetically marked ZmBs repeat derived from the ;700-kb domain. Alternatively, it is possible that sequences adjacent to the CentC-enriched domain are recruited to the centromere after misdivision, in an analogous fashion to neocentromere formation in Drosophila (Platero et al., 1999; Maggert and Karpen, 2001) .
Taken together, the results suggest that the functional centromere of the B chromosome is a small CentC-and CRM-rich domain that is embedded within a much larger array of the ZmBs repeat. The amount of CENH3 found at the B centromere is correlated with the size of this domain and the stability of the chromosome. These findings bolster the view that CentC and CRM are key elements of maize centromeres (Zhong et al., 2002; Jin et al., 2004) and provide genetic support for the idea that CENH3 is necessary for proper kinetochore formation.
METHODS
Materials
A maize (Zea mays) line B73 containing multiple B chromosomes was used for cytological analysis of the intact B chromosomes. B centromere misdivision derivatives were produced from the A-B translocation line TB-9Sb Birchler, 1996, 1998) (Figure 3A ). These derivatives were classified by their chromosome type (telocentric chromosome, isochromosome, or ring chromosome) and presence (þ) or absence (ÿ) of a knob adjacent to the centromeric region (Kaszas and Birchler, 1996) . The centromeric DNA probes, including CentC, CRM, and the ZmBs repeat, were described previously (Alfenito and Birchler, 1993; Nagaki et al., 2003b) .
FISH and Fiber-FISH
The FISH and fiber-FISH were performed according to published protocols (Jiang et al., 1995; Jackson et al., 1998) . DNA probes were labeled with biotin-dUTP or digoxigenin-dUTP (Roche, Indianapolis, IN). Chromosomes were counterstained by 49,6-diamidino-2-phenylindole in an antifade solution Vectashield (Vector Laboratories, Burlingame, CA). Images were captured digitally using a Sensys CCD camera (Roper Scientific, Tucson, AZ) attached to an Olympus BX60 epifluorescence microscope (Tokyo, Japan). The camera control and imaging analysis were performed using IPLab Spectrum v3.1 software (Signal Analytics, Vienna, VA).
Sequential Detection of CENH3 and the ZmBs Repeat on Chromosomes and Stretched Centromeres
Preparation of somatic chromosomes and stretched centromeres for immunostaining was performed according to Jin et al. (2004) with only minor modifications. Maize nuclei were isolated from young maize kernels rather than callus. The preparations were fixed in 4% paraformaldehyde in PBS for 10 min. Approximately 100 mL rabbit anti-CENH3 antibody (1:200 in TNB buffer [0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.5% blocking reagent]) was added to the slides. After incubation in a humid chamber at 378C for 3 h, the slides were washed three times in PBS before adding 100 mL of rhodamine anti-rabbit secondary antibody (1:50 in TNB buffer). The slides were incubated and washed again and fixed in 4% paraformaldehyde. The slides were then probed with the ZmBs repeat. Chromosomes and interphase nuclei were counterstained with 49,6-diamidino-2-phenylindole. Labeling and detection of DNA repeats and CENH3 on maize pachytene chromosomes were described previously (Lamb et al., 2005) .
ChIP
ChIP was performed as described previously (Nagaki et al., 2003a) . The nuclei were isolated from leaf tissue and digested with micrococcal nuclease. The resultant nucleosomes were incubated with the maize anti-CENH3 antibody (Zhong et al., 2002) . The immune complexes were precipitated and separated into unbound (Sup, for supernant) and bound (Pel, for pellet) fractions. Equal amounts of the Sup and Pel fractions were blotted on membranes and hybridized with 32 P-labeled ZmBs repeat. The hybridization was quantified using a phosphor imager. Mock experiments using preimmunized rabbit serum served as nonspecific binding control for each ChIP assay. The %IP, defined as pel/(pel þ sup) of the mock experiments, was subtracted in each case from %IP of the anti-CENH3 treatments. We used 18S-26S rRNA genes (rDNA) and CentC as negative and positive controls, respectively.
